We present a bio-economic model that accounts for the effects of water and nitrogen use on the first three moments of profit margin distributions in Swiss maize production. We thus also account for downside risks in farmers' decision making processes, which extents currently used bio-economic modeling approaches that address agricultural water use. We find that because irrigation reduces the negative skewness of profit margin distributions, i.e. downside risk, farmers have an additional incentive to use irrigation more intensively. Not considering downside risks may thus imply an underestimation of agricultural water use.
Introduction
Currently employed integrated modeling approaches addressing environmental problems arising from agricultural land-and input use decisions have acknowledged the importance of explicitly representing farmers' decision making processes. This incorporation often relies on the assumption of profit maximization (e.g. Ahrends et al., 2008; deVoil et al., 2006; Gömann et al., 2005) . However, farmers do not only seek to maximize profits but also try to secure their incomes by minimizing risks (e.g. Dury et al., 2010) . This is of particular relevance if agricultural water use is addressed because irrigation has a risk reducing effect. By decoupling revenues from volatile rainfall patterns, irrigation can lead to substantial reductions of profit variability. Based on this background, many models focusing on agricultural water use have been extended by integrating farmers' preferences against more volatile profits by accounting for risk aversion (Bazzani et al., 2005; Bergez et al., 2013; Monticino et al., 2007) . 1 However, besides reducing volatilities of yields and profits, irrigation furthermore also reduces the probability that exceptional low yields or profits occur (e.g. due to crop failure), i.e. irrigation reduces downside risk. If farmers are down-side risk averse and try to avoid possibilities of falling below certain income thresholds, this property can give an additional incentive to use irrigation (e.g. Moschini and Hennessy, 2000) . While downside risk aversion is integrated in several economic studies that show its relevance for decision making processes of farmers (e.g. Koundouri et al., 2006; Torkamani and Shajari, 2008; Groom et al., 2008) , to our knowledge, no attempts have been made to augment integrated bio-economic models addressing agricultural water use by accounting for farmers' downside risk aversion. This article contributes filling this gap by presenting a straightforward integration of downside risk and downside risk aversion in a bio-economic model. The relevance of this extension for the conclusions drawn is illustrated using an example of optimal nitrogen and irrigation use in Swiss maize production.
Material and methods

Estimating moments of profit margin distributions
Our bio-economic modeling approach is based on simulation experiments from 6 sites derived with a crop model, which report maize yields for different combinations of input (nitrogen and irrigation water) use. In a first step, these observations are transformed into profit margins p, which are calculated as revenue (yield times crop price P) plus direct payments (DP), minus fixed (FC) and variable costs (VC), which consist of costs for nitrogen, irrigation water as well as cleaning and drying costs. To estimate the relationship between profit margin distribution moments and irrigation nitrogen application, we use a moment-based approach, allowing for flexible representation of production risks (Antle, 1983 (Antle, , 1987 . Choosing this method instead other approaches (e.g. Just and Pope, 1978) , allows us to extent earlier bioeconomic modeling approaches (e.g. Finger et al., 2011; Finger, 2012) by additionally investigating the effects of input use on yield skewness, which represents downside risks.
In a first step, we estimate the expected (i.e. the mean) effect of nitrogen use and irrigation on profit margin. With respect to the functional form used at this step, we follow Finger and Hediger (2008) and employ a square root specification. Furthermore, we account for site-specific characteristics in all subsequently presented estimation steps by integrating fixed effects. ) p(N, W) i,j is the profit margin for year i at location j, N and W denote the amounts of nitrogen and irrigation water, a 0 is a general model intercept, a j are site specific intercepts (that sum up to zero), and ε is an error term. In a second step, the effects of input use on profit margin variance are estimated using the square root of W and N as explanatory variables (following Finger and Schmid, 2008) , with 4 being the error term:
pðN; WÞ
Finally, the effects of input use on the skewness of profit margins are estimated as follows (with error term w):
The employed estimation strategy for this moment based approach follows, for instance, Di Falco and . The estimation results critically depend on the functional forms used in (2)e(4). We used different specifications, and compared models using Wald tests, leading to the here presented models. The detailed presentations of the results derived for other functional forms are beyond the scope of this paper, but can be obtained from the authors upon request.
Integrating risk in economic model components
Farmers may benefit from irrigation in three ways. First, irrigation increases yield levels and thus also profit margins up to a certain point. Second, irrigation is expected to decrease yield variance, and third, to increase skewness (i.e. reduces downside risk). This means, risks decrease with increasing irrigation intensity. Note that the latter property is not captured by the variance, because this measure does not distinguish between unexpected bad and unexpected good events (Di Falco and Chavas, 2009) . In contrast to irrigation, nitrogen is expected to be risk increasing (e.g. Finger et al., 2011; Finger, 2012) . To quantify the farmers' benefits from all three effects in monetary terms, certainty equivalents are used. The certainty equivalent represents a sure amount of money that is rated by the farmer similar (i.e. he is indifferent) as volatile profit margins from (risky) crop production. In the certainty equivalent (CE) framework, the utility loss due to risk (i.e. due to variance and skewness of profit margins) is defined as the risk premium RP, which is subtracted from the expected profit margin.
Following Di Falco and Chavas (2006), we define the (approximate) risk premium in our analysis as follows:
s 2 p and s 3 p are the variance and skewness of profit margins that are taken from Equations (3) and (4). r 2 and r 3 characterize the decision maker's aversion against variance and (negative) skewness. We base our analysis on a power utility function
With r 2 and r 3 being defined as ÀU 00 /U 0 and ÀU 000 /U 0 , respectively (e.g. Chavas et al., 2009; Chavas, 2006, 2009) . Thus, we assume constant relative risk aversion, i.e. absolute risk aversion increases if expected profit margins approach zero. Important for the purpose of our paper, the latter term shows that a more negative skewness of profit margins increases the risk premium, i.e. the costs of risk.
This framework is now used to derive optimal, i.e. certainty equivalent maximizing, levels of nitrogen use and irrigation. Thus, the goal function of our model is max W,N CE. To investigate the role of risk aversion in general and the role of downside risk aversion in particular, we investigate optimal input use for 4 different scenarios with s being 0, 1, 2 and 3. r 2 is thus equal to 0, 1/p, 2/p and 3/p, and r 3 is equal to 0, À2/p 2 , À6/p 2 and À12/p 2 , respectively. Furthermore, we conduct for the latter 3 scenarios an analysis with and without consideration of r 3 to investigate the role of downside risks. The employed scenarios represent a gradient from zero to moderate (downside) risk aversion (see e.g. Groom et al., 2008; Chavas, 2006, 2009 ).
Data
We use quasi-experimental data derived for maize production at the Swiss Plateau simulated with deterministic crop yield simulation model CropSyst, derived from Finger et al. (2011) and Finger (2012) . In CropSyst, above-and below-ground processes such as the soil water budget, soil-plant nitrogen budget, crop phenology, canopy and root growth, and crop yield are simulated in response to crop and soil characteristics, daily weather data, and management options (see Stöckle et al., 2003, for details) . Because these processes are affected, for instance, by water stress and nutrient deficits, effects of crop management regarding fertilizer application and irrigation on crop yields can be reflected. CropSyst settings for Swiss maize production follow Torriani et al. (2007b) .
Effects of nitrogen application and irrigation intensity are analyzed with CropSyst in a quasi-experimental approach. To this end, different sets of daily weather data, i.e. representative outcomes of current climate at the Swiss Plateau for the years 1981e2003 from 6 meteorological stations are used. The weather years from these stations are combined with randomly drawn amounts of fertilizer and irrigation water. To simulate different irrigation intensities and thus different levels of water use, the intervention point is varied randomly. Irrigation is triggered when soil moisture falls below this intervention point. Irrigation can be used to fill up soil moisture to the field capacity level, but a single irrigation event is limited to 20 mm. To mimic the water use efficiency of a sprinkler irrigation system, we assume that 25% of the applied water is not usable for the plant. The assumed soil texture is characterized with 38% clay, 36% silt, and 26% sand, and identical starting conditions regarding soil composition and soil available nutrients are used for each simulation. These simulations lead to 912 observations (see Finger et al., 2011; Finger, 2012 , for details on data generation and descriptive summaries). Table 2 shows coefficient estimates for Equations (2)e(4), i.e. for the first three moments of the profit margin distribution. Results for the expected profit margin show that both inputs increase profit margins, however with a saturating effect. Without accounting for risks, applying inputs until their marginal effect on profit margins will be zero will lead to optimal levels of input use. We furthermore find that nitrogen increases the variance of profit margins and decreases its skewness, i.e. increases downside risk. In contrast, irrigation is found to reduce both the variance and the downside risk of profit margins. The coefficient estimates presented in Table 3   Table 1 Costs and benefits in Swiss maize production. are input for the calculation of certainty equivalents (Equation (5)), which are maximized with respect to nitrogen and water use. Table 3 shows optimal, i.e. certainty equivalent maximizing, levels of input use for the different scenarios on risk aversion. Furthermore, the resulting optimal profit margins as well as their standard deviation and (standardized) skewness are presented. The optimal levels of nitrogen use and profit margins indicated by our model are in the range of current practices in Swiss agriculture (AGRIDEA and FiBL, 2009 ). Furthermore, standard deviations of profit margins are similar to observations for Swiss maize producers made by El Benni and Finger (2012) . For irrigation levels and the skewness of profit margins, however, no reference values for comparisons are available.
Results and discussion
Revenue
Comparing optimal input use under increasing levels of risk aversion (i.e. for higher levels of s) reveals the expected effects: More risk averse farmers use less nitrogen because it is risk increasing, but extend their risk reducing irrigation activities (i.e. increase water use). Underlining findings from earlier research (e.g. Finger, 2012) , expected levels of input use may differ substantially depending on the assumed risk aversion. We find optimal nitrogen use to decrease from 86 to 76 kg/ha and optimal water use to increase from 98 to 131 mm, if comparing results for risk neutrality (s ¼ 0) and moderate risk aversion with s ¼ 3. These changes in optimal production plans also imply lower standard deviations of profit margins and higher levels of skewness. In our numerical example, reducing risks comes at low costs, because decreases in expected profit margins are very small. This, however, should not marginalize the role of risk aversion, because its effects on input use can be still large.
Comparing optimal input use with and without consideration of downside risk aversion shows ambiguous results. We find only small impacts of downside risk aversion on optimal nitrogen use (of about 1 kg/ha). In contrast, the identified differences in optimal amounts of water use for irrigation can be substantial. The effect of downside risk aversion is stronger with respect to optimal use of irrigation because it has, in contrast to nitrogen use, a straightforward implication on the tails of crop yield and profit margin distributions. For the highest level of risk aversion (s ¼ 3), taking downside risk aversion into account increases the optimal water use by 10 mm (or 8%). This means, expected levels of water use for irrigation may be substantially underestimated in bio-economic models if its downside risk reducing effect is not considered.
We are aware that the numerical results with regard to the relevance of downside risk in optimal input use are limited to the here presented case study. For instance, integrating downside risk aversion in bio-economic models with a different scope (e.g. at the farm-level), accounting for different management options that influence water use (e.g. adjustments in the timing of field operations or tillage intensities) or accounting for different irrigation technologies (e.g. drip irrigation), will cause changes in the relevance of downside risks. However, we expect that accounting for downside risk aversion in other bio-economic modeling frameworks will also result in an increased relevance of irrigation as risk reducing strategy taken by the farmer. Reviewers suggested that the consideration of the Kurtosis of profit margin distribution and farmers preferences with respect to it should be considered in future research because it can allow a better representation of extreme events.
Conclusion
Irrigation does not only influence mean and variance of crop yields, but also increase crop yield skewness, i.e. decreases downside risks. Accounting for farmers' downside risk aversion may thus result in substantially different conclusions on agricultural water use. We present a straight-forward extension of a bio-economic model to include downside risks and downside risk aversion in bio-economic models. This may be a valuable extension of currently used models also beyond irrigation decisions, because many agricultural inputs with high environmental relevance (e.g. pesticides) affect downside risks. 
